The CB 1 and CB 2 cannabinoid receptors, associated with drugs of abuse, may provide a means to treat pain, mood and addiction disorders affecting widespread segments of society. Whether the orphan G-protein coupled receptor GPR55 is also a cannabinoid receptor remains unclear as a result of conflicting pharmacological studies. GPR55 has been reported to be activated by exogenous and endogenous cannabinoid compounds but surprisingly also by the endogenous non cannabinoid mediator lysophosphatidylinositol (LPI). We examined the effects of a representative panel of cannabinoid ligands and LPI on GPR55 using a beta-arrestin-green fluorescent protein biosensor as a direct readout of agonist-mediated receptor activation. Our data demonstrate that AM251 and SR141716A (rimonabant), which are cannabinoid antagonists, and the lipid LPI, which is not a cannabinoid receptor ligand, are GPR55 agonists. They possess comparable efficacy in inducing β-arrestin trafficking, and moreover, activate the G-protein dependent signaling of PKCβII. Conversely, the potent synthetic cannabinoid agonist CP55,940 acts as a GPR55 antagonist/partial agonist. CP55,940 blocks GPR55 internalization, the formation of β-arrestin GPR55 complexes, and the phosphorylation of ERK1/2; CP55,940 produces only a slight amount of PKCβII membrane recruitment while not stimulating membrane remodeling like LPI, AM251, or rimonabant. Our studies provide a paradigm for measuring the responsiveness of GPR55 to a variety of ligand scaffolds comprising cannabinoid and novel compounds, and suggest that at best GPR55 is an atypical cannabinoid responder. The activation of GPR55 by rimonabant may be responsible for some of the off-target effects that led to its removal as a potential obesity therapy.
The CB 1 and CB 2 cannabinoid receptors, associated with drugs of abuse, may provide a means to treat pain, mood and addiction disorders affecting widespread segments of society. Whether the orphan G-protein coupled receptor GPR55 is also a cannabinoid receptor remains unclear as a result of conflicting pharmacological studies. GPR55 has been reported to be activated by exogenous and endogenous cannabinoid compounds but surprisingly also by the endogenous non cannabinoid mediator lysophosphatidylinositol (LPI). We examined the effects of a representative panel of cannabinoid ligands and LPI on GPR55 using a beta-arrestin-green fluorescent protein biosensor as a direct readout of agonist-mediated receptor activation. Our data demonstrate that AM251 and SR141716A (rimonabant), which are cannabinoid antagonists, and the lipid LPI, which is not a cannabinoid receptor ligand, are GPR55 agonists. They possess comparable efficacy in inducing β-arrestin trafficking, and moreover, activate the G-protein dependent signaling of PKCβII. Conversely, the potent synthetic cannabinoid agonist CP55,940 acts as a GPR55 antagonist/partial agonist. CP55,940 blocks GPR55 internalization, the formation of β-arrestin GPR55 complexes, and the phosphorylation of ERK1/2; CP55,940 produces only a slight amount of PKCβII membrane recruitment while not stimulating membrane remodeling like LPI, AM251, or rimonabant. Our studies provide a paradigm for measuring the responsiveness of GPR55 to a variety of ligand scaffolds comprising cannabinoid and novel compounds, and suggest that at best GPR55 is an atypical cannabinoid responder. The activation of GPR55 by rimonabant may be responsible for some of the off-target effects that led to its removal as a potential obesity therapy.
The CB 1 and CB 2 cannabinoid receptors comprise a two member subfamily of G proteincoupled receptors (GPCRs) that are notable as the targets of the THC (tetrahydrocannabinol) derivatives found in marijuana. More recently CB 1 receptors along with other GPCRs have been promoted as therapeutic pharmacological targets in the billion dollar weight loss market for controversial drugs such as rimonabant (SR141716A) and Fen-phen. Thus, an important utility of cannabinoid family receptors to society appears to arise from their role in regulating a broad spectrum of addiction-based behaviors, and the addition of new members to the cannabinoid receptor family may have social and economic implications that reach far beyond the initial scientific discovery. As a consequence, the reclassification of an orphan GPCR as a cannabinoid family member should be done with caution requiring strict criteria of receptor activation by THC derivatives or endogenous cannabinoid compounds and a widespread agreement of the results by the scientific community.
Marijuana, one of the most widely abused substances (1) , mediates many of its psychotropic effects by targeting CB 1 receptors in the central nervous system, but studies with CB 1 and CB 2 knockout mice indicate that the complex pharmacological properties on pain, mood, and memory exhibited by exogenous cannabinoids and the endogenous arachidonic acid-based endocannabinoids, including anandamide and 2-arachidonoylglycerol (2-AG), are not fully explained by their activation of CB 1 and CB 2 (2) (3) (4) . The CB 1 and CB 2 receptors are 44% identical and signal through G i/o -mediated pathways. Activation of either receptor is inhibitory for cAMP production via adenylyl cyclase and stimulatory for MAPK (ERK1/2) activation (5). However, the failure of these two receptors to account for the full complement of physiological effects observed with cannabinoid ligands has led to the hypothesis that additional cannabinoid-like receptors exist.
The orphan GPCR, GPR55, which exhibits only 10-15% homology to the two human cannabinoid receptors (6) , is one of a number of plausible cannabinoid family member candidates (7) . GPR55 was first identified and mapped to human chromosome 2q37 a decade ago (8) . In the human CNS, it is predominantly localized to the caudate, putamen, and striatum (8), coupling to G α13 (9,10), G α12 or G αq (11) .
GPR55 has been tested against a number of cannabinoid ligands with mixed results. Observations using a GTPγS functional assay indicate that GPR55 is activated by nanomolar concentrations of the endocannabinoids 2-AG, virodhamine, noladin ether, and palmitoylethanolamine (10); and the atypical cannabinoids abn-CBD and O-1602 (12), as well as by the drugs CP55,950, HU210, and ∆ 9 -THC (11). Exposure of GPR55 to the cannabinoids THC and JWH015 in dorsal root ganglion neurons and in receptor transfected HEK293 cells correlates with increases of intracellular Ca 2+ (11) . In contrast, GPR55 is insensitive to the CB 1 inverse agonist AM281 and the potent cannabinoid agonist WIN55212-2, but is antagonized by the marijuana constituent cannabidiol (CBD) (9, 10) . However, Oka et al (13) reported that GPR55 is not a typical cannabinoid receptor as numerous endogenous and synthetic cannabinoids, including many mentioned above, had no effect on GPR55 activity. They present compelling data suggesting that the endogenous lipid LPI and its 2-arachidonyl analogs are agonists at GPR55 as a result of their abilities to phosphorylate extracellular regulated kinase and induce calcium signaling (13, 14) Further studies indicate that LPI and the rimonabant-like CB 1 inverse agonist AM251 induce oscillatory Ca 2+ release through G α13 and RhoA (9) .
These reports were all performed in HEK 293 cells, yet each documented a distinct and conflicting chemical space of agonists that recognized GPR55. To resolve these inconsistencies in classification, an alternative approach for identifying GPR55 ligands that is insensitive to the endogenous complement of cellular receptors could circumvent many of the challenges that have arisen in the measurements of G protein signaling.
β-arrestins are intracellular proteins that bind and desensitize activated GPCRs and in the process form stable receptor/arrestin signaling complexes (15, 16) . β-arrestin redistribution to the activated membrane bound receptor represents one of the early intracellular events provoked by agonist binding and consequently is less prone to a false positive or negative readout as compared to studying a downstream signaling event as a readout of receptor activation. β-arrestin-green fluorescent chimeras can make this process attractive to monitor by forming remarkably sensitive and specific probes of GPCR activation that are independent of downstream G protein mediated signaling (17) (18) (19) . We have determined GPR55 responsiveness to a representative panel of cannabinoid ligands and LPI in the presence (and absence) of a β-arrestin2-green fluorescent protein (βarr2-GFP) biosensor. Our data demonstrate that LPI, the CB 1 inverse agonist/antagonists SR141716A and AM251 are GPR55 agonists; and the CB 1 agonist CP55940 is a GPR55 antagonist/partial agonist. These data together with our inability to observe activation of GPR55 by ∆ 9 -THC and endocannabinoids indicate that GPR55 should be classified as an atypical cannabinoid receptor at best.
were obtained from the NIDA drug supply program at RTI (Research Triangle Institute, NC). HU210 was a generous gift from Dr. R. Mechoulam (Hebrew University, Israel). Anti-HA mouse monoclonal antibody was purchased from Covance (Emeryville, CA). Actin monoclonal antibody was purchased from MP Biomedicals (Aurora, OH). Alexa 568 goat antimouse antibody, Zeocin, SloFade Gold, and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA).
IRDye 800 conjugated anti-mouse IgG was from LI-COR (Nebraska, USA). Protease inhibitors were from Roche (Indianapolis, IN, USA). G418 was purchased from A.G. Scientific (San Diego, CA). HEK293 cells were from ATCC (Manassas, VA) and HA-GPR55E and CB1RE plasmids and cell lines were provided by the Duke University GPCR Assay Bank. All other reagents were obtained from Sigma or other standard sources. Plasmids, Transfection, and Cell Culture -βarr2-GFP is described in (17) . PKCβII-GFP is described in (20) . Human GPR55 in the vector pCMV-sport6 (NIH Image Consortium, USA) were transiently transfected in HEK293 cells with (5:1 ratio) and without βarr2-GFP or PKCβII-GFP plasmids using Lipofectamine 2000 as specified by the manufacturer or co-precipitation with calcium phosphate as previously described (17) . The human N-terminal HA-tagged GPR55E receptor in pCDNA3.1zeo(-) was constructed from GPR55 by inserting the HA sequence YPYDVPDYA after the start Met of the receptor and modifying its C-terminus by replacing the terminal GPR55 amino acid sequence HRPSRVQLVLQDTTISRG by the four amino acid linker CAAA containing a putative cysteine palmitoylation site followed by the human vasopressin2 receptor terminal tail sequence RGRTPPSLGPQDESCTTASSSLAKDTSS (21) . A U2OS cell line stably expressing GPR55E and βarr2-GFP (Renilla) was engineered using 0.4 mg/ml Zeocin and 0.4 mg/ml G418 selection and maintained in 100 µg/ml G418 and 50 µg/ml Zeocin in a 37 °C, 5% CO 2 incubator. The plasmid CB1RE was constructed by replacing the human cannabinoid receptor C-tail, the segment following the amino acid sequence FPSC, by the linker AAA and the human substance P receptor tail PFISAGDYEGLEMKSTRYLQTQGSVYKV SRLETTISTVVGAHEEEPEDGPKATPSSLDLT SNCSSRSDSKTMTESFSFSSNVLS. The CB1-RE cell line was constructed as above.
β-arrestin Assay for Determining Receptor
Responsiveness -HEK 293 cells transiently expressing GPR55 receptors and βarr2-GFP were utilized 48 hours after transfection. U2OS cells permanently expressing HA-GPR55E and βarr2-GFP were plated onto coverslips that were placed in 24 well plates which had been pretreated for 1 hour with 0.02 mg/ml poly-D-lysine. Cells were maintained at 37 °C in 5% CO 2 until ready for experiments (80-85% confluent) and washed once with HBSS before drug application. Agonist stimulated redistribution of βarr2-GFP was assessed following drug treatment for 40 minutes. In order to measure the effects of antagonists, both agonist and antagonist were co-applied. Cells were then fixed with 4% paraformaldehyde for 20 minutes at room temperature followed by three washes with HBSS. Glass coverslips were mounted on slides in SlowFade Gold mounting media and were imaged on a (Nikon E800) fluorescence microscope using a 40 X oil objective and 488 nm excitation for GFP and 568 nM excitation for Alexa Fluor 568 antibody. Confocal images were acquired with Leica TCS SP5 and Zeiss LSM-510 microscopes. Internalization Assay, Immunocytochemistry -GPR55 expressing cells grown on coverslips were incubated over ice for 40-minutes with a 1:500 dilution of mouse monoclonal anti-HA antibody in blocking buffer (3% BSA in PBS). This was followed by appropriate washes and a 40-minute incubation with 1:1500 dilution of Alexa Fluor 568 goat anti-mouse secondary antibody. Antibody-labeled cells were treated with agonist alone or in combination with antagonist for 40 minutes at 37°C. Cells were imaged as described above.
On-Cell Western for Quantification of Receptor
Internalization -GPR55E expressing cells were grown until 90% confluent in poly-D-lysine treated 96 well glass bottom plates (BD Falcon, NJ, USA). Cells were incubated with a mouse monoclonal anti-HA antibody at a 1:100 dilution for 45-minutes at 37°C. Cells were washed once with PBS prior to drug treatment, fixed in paraformaldehyde as described, and washed three times with PBS for 5-minutes each. Cells were then treated with LI-COR Odyssey blocking buffer for 45-minutes at room temperature and then incubated in the dark with the secondary IRDye 800 conjugated anti-mouse IgG antibody diluted 1:1000 in LI-COR blocking buffer for 1 hr at room temperature. Cells were then washed five times in TBST (137 mM NaCl, 10 mM Tris with 0.05% Tween-20) and scanned on the LI-COR Odyssey Infrared Imager set at 169 µM resolution, 4 focus offset, and 4.5-6 intensity. Data were analyzed using Excel and Prism 4.0 software. Western Blot Analysis for Determination of ERK Activity -GPR55E expressing U2OS cells were grown to sub-confluence in 60 mm plates and serum-starved overnight prior to assay. Following drug treatment the cells were disrupted in a lysis buffer (50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 10 μM MgCl 2 , 20 mM p-nitrophenyl phosphate, 1 mM Na 3 VO 4 , 25 mM NaF, and a protease inhibitor cocktail (1:25, pH 7.5). Lysates were immediately placed on ice for 10 minutes and then centrifuged at 16,000 x g for 30 min at 4°C. Supernatants, corresponding to the cytosolic fraction, were collected, and protein concentrations were determined by the Bradford assay (BioRad, Hercules, CA), using BSA as a standard.
Cytosolic fractions (20 µg) were separated on a 10% gel by SDS-PAGE followed by immunoblotting (22) . Antibodies against doubly-phosphorylated ERK1/2 (1:5000) were detected using a Fuji imager LAS-1000 (Fujifilm Life science, Woodbridge, CT). A monoclonal antibody against actin (1:10,000) was used to confirm equal protein loading. Densitometric analysis was performed using ImageJ software (http://rsb.nih.gov/ij/). The value obtained for both ERK1 and ERK2 was normalized to antiactin levels. The data were normalized to control and presented as percentage stimulation.
PKCβII Assay for Determining Receptor
Responsiveness -HEK 293 cells plated in 35mm glass well Matek plastic dishes were transiently transfected with 175 µl of solution containing 1.5 µg/ml PKCβII-GFP cDNA, or the PKC plasmid and 5 µg/ml of human GPR55 cDNA in pCMVSport6 (Open Biosystems, Huntsville, Al) using a standard calcium phosphate protocol. Cells expressing GPR55 and PKCβII-GFP were utilized 24 hours after transfection. Cells were washed with warm MEM and maintained at 37 °C in 5% CO 2 for 30-45 minutes after drug application. Agonist stimulated redistribution of PKCβII-GFP was assessed following drug treatment at room temperature. Data Analysis -βarr2-GFP aggregates were identified using a wavelet-based, Microsoft Windows compatible computer program written in the MatLab programming environment. A program algorithm extracts from two dimensional images those pixels that generate objects of interest that fall within a predetermined range of sizes and intensities and that are embedded among widely varying local backgrounds (L. Barak, available from the Duke University GPCR Assay Bank). Concentrationeffect curves for agonist-mediated receptor activation and competition-inhibition curves for antagonist studies were analyzed by nonlinear regression techniques using GraphPad Prism 4.0 software (GraphPad, San Diego, CA) and data were fitted to sigmoidal dose-response curves to obtain EC 50 
GPR55 and HA-GPR55 Recruit βarr2-GFP in Response to LPI.
Arrestin proteins mediate GPCR desensitization by binding to activated GPCRs, and in the process the arrestins relocate from the cytosol to form a complex with the membrane receptor. The strength of this association determines the subsequent fate of the complex with weaker βarrestin/receptor complexes dissociating at the plasma membrane while in clathrin coated pits and more stable ones internalizing and concentrating in cytosolic endosomes (18, 21) . In absence of agonist, βarrestin-GFP is uniformly distributed in the cytoplasm with no apparent compartmentalization at the plasma membrane or nucleus (Fig. 1A, D) . Using βarrestin-GFP as a biosensor of receptor activation, the relatively weak βarrestin/receptor complexes will be observed as membraneassociated fluorescence aggregates and the more stable ones as brighter intracellular objects. HEK293 cells transiently transfected with human GPR55 and βarr2-GFP develop membrane aggregates when treated with 10 µM LPI (Fig.1A-B) . Addition of serine phosphorylation sites to a GPCR C-tail can increase a receptor's affinity for arrestin without changing its response profile to different ligands (21, 24) . Therefore, to increase GPR55 assay sensitivity we employed an HAepitope tagged variant of GPR55 with a serine enhanced C-terminus (HA-GPR55E). This resulted in a much more robust βarr2-GFP response in HEK-293 cells when HA-GPR55E was exposed to 10 µM LPI (Fig. 1C) . A timecourse analysis of ligand treatment demonstrated robust agonist-mediated βarr2-GFP trafficking at 40-minute ligand treatment (data not shown). Consequently, we used U2OS cells stably transfected with HA-GPR55E and βarr2-GFP for subsequent ligand characterization. Figure 1D shows the pattern of βarr2-GFP expression in U2OS cells in the absence of agonist. No βarr2-GFP fluorescence is observed at the plasma membrane. Immunofluorescence images of anti-HA antibody labeling followed by Alexa secondary antibody verify the plasma membrane expression of HA-tagged GPR55E (Fig. 1E) , with no membrane fluorescence being visible in the absence of primary HA-antibody treatment (Fig.  1G) .
Agonist-Stimulated βarr2-GFP Trafficking in GPR55E U2OS Cells. Using real-time confocal microscopy in live U2OS cells stably coexpressed with GPR55E and βarr2-GFP, we observed that 3 µM LPI induced a rapid relocation (60-90s time scale) of βarr2-GFP complex en masse to plasma membrane bound GPR55E with a concomitant depletion of cytosolic fluorescence (see video in supplemental data). We next investigated the concentration-dependence of ligands to induce internalization of GPR55-βarr2-GFP complexes. This LPI mediated-response of βarr2-GFP occurs with an EC 50 of 1.2 µM (Figs.  2A,B) while the CB 1 receptor inverse agonist/antagonists SR141716A and AM251 produce recruitment of βarr2-GFP to GPR55E receptors with EC 50 values of 3.9 µM and 9.6 µM respectively (Fig. 2C-F) . Thus these ligands act as GPR55E agonists and have efficacies similar to LPI (Fig. 2H) . We also treated the GPR55E/βarr-GFP U2OS cells with a group of 15 structurally diverse cannabinoid ligands comprised of classic, non-classic, and endogenous agonists and antagonists ( Table 1) . None of the compounds at concentrations upwards of 10-30 µM activated GPR55E to produce a distribution of βarr2-GFP different from the basal state or that observed in vehicle treated cells. As a control, U2OS cells expressing CB 1 receptors were exposed to vehicle, LPI, and SR141716A and no βarr2-GFP trafficking was observed (Fig. 3A-C) , whereas CP55,940, a potent CB 1 receptor agonist, activated βarr2-GFP trafficking in these cells (Fig.  3D) .
Antagonist Inhibition of βarr2-GFP
Trafficking in GPR55E U2OS Cells. We next tested whether cannabinoid ligands that failed as GPR55 agonists could be GPR55 antagonists by measuring their ability to block receptor activation and βarr2-GFP redistribution. The non-classical cannabinoid agonist CP55940 produced a concentration-dependent inhibition of LPIinduced redistribution of βarr2-GFP with a K I of 194 nM (Figs. 4B, C, and H, Table 2 ). Likewise, CP55,940 antagonized the ability of the GPR55 agonists SR141716A and AM251 to recruit arrestins with K I values of 213 nM (Fig. 4D , E, and I) and 540 nM (Fig. 4F, G, and J) respectively. The remaining compounds from Table 1 failed to block LPI-mediated βarr2-GFP recruitment at concentrations of 10-30 µM (data not shown).
Agonist-induced HA-GPR55E Internalization in U2OS Cells. Many GPCRs undergo endocytosis from the plasma membrane by a clathrin/dynamin mediated mechanism in response to agonist activation (25) (26) (27) . Therefore we examined whether LPI, SR141716A and AM251 application could decrease the number of plasma membrane GPR55E receptors as an additional readout for receptor activation. Immunofluorescence labeling of live HA-GPR55E U2OS cells using anti HA-monoclonal antibodies reveals a rich complement of membrane receptors (Fig. 5A) . Exposing the cells to 3 µM LPI for 40 minutes results in a dramatic loss of membrane staining and the appearance of cytosolic fluorescent aggregates corresponding to internalized receptors (Fig. 5B) . Treatment of cells with 30 µM of SR141716A or AM251 also induces robust receptor mediated receptor internalization (Fig. 5D, F) . As expected from previous results, CP55,940 at 3 µM inhibits LPI, SR141716A or AM251 mediated HA-GPR55E internalization (Fig. 5C, E, G) , as plasma membrane receptor fluorescence in cells with CP-55,940 was comparable to vehicle treated cells.
In order to determine ligand potency, an OnCell Western analysis was performed to measure the concentration-dependent complement of cell surface receptors. LPI reduced HA-GPR55E membrane fluorescence with an EC 50 value of 1.6 + 0.12 µM (Fig. 5H) . In contrast, CP55,940 prevents the LPI induced loss of plasma membrane HA-GPR55E with a K I of 173 nM (Fig. 5I, Table 2 ).
We next extended our GPR55 internalization studies (in the absence of βarr2-GFP) in an additional cell line, HEK293, to overcome any cellular bias.
HEK293 cells transiently transfected with HA-tagged GPR55E were labeled and treated as described in Materials and Methods. Cell surface labeling were visualized using confocal miscroscopy after treatment with various ligands. Treatment with 30 µM 2-AG and anandamide (endocannabinoids), 30 µM THC (prototypical classic agonist) or 10 µM CP55,940 (non-classic agonist) had no effect on membrane stained HA-GPR55 and resembled vehicle treated cells (Fig. 6A-F) . As in U2OS cells (Fig. 5) , treatment of cells with 3 µM LPI, 30 µM of SR141716A or AM251 results in loss of membrane staining (Fig.6 G, I, K) , an effect that was reversed with antagonist treatment, CP55940 (Fig. 6 H, J, L) LPI Induced Phosphorylation of ERK1/2 in GPR55. A key consequence of GPCR activation is the induction of the extracellular-regulated protein kinase (ERK), mitogen-activated protein kinase (MAPK) signaling cascade (28) . LPI has previously been shown to activate ERK in GPR55 transfected HEK293 cells (13) . In figure 7A we show that LPI induces a significant activation of ERK1/2 in U2OS cells expressing HA-GPR55E. LPI induced ERK1/2 phosphorylation did not occur in untransfected U2OS cells. LPI-dependent ERK1/2 phosphorylation is evident at 5 min and peaks at 10 min (data not shown). In contrast, AM251 and SR141716A did not induce any significant phosphorylation of ERK1/2 (pERK) in U2OS cells expressing GPR55. Likewise, the prototypical endocannabinoids anandamide and 2-AG did not activate ERK1/2 (data not shown). Co-application of CP55,940 with LPI inhibited LPI-mediated ERK activation. Furthermore, LPIinduced ERK activation was sensitive to inhibition by 3µM of the MEK (ERK kinase) inhibitor U0126 (data not shown). The ERK signaling pathway was still intact in GPR55 deficient cells (U2OS cells) as treatment with 1mM pervanadate, a potent inhibitor of tyrosine phosphatases and indirect activator of MEK (29) resulted in a marked increase of ERK1/2 phosphorylation (Fig. 7B) . Moreover, LPI did not activate ERK1/2 in CB 1 E transfected cells, in contrast to 10 µM of the CB 1 agonist CP55,940 which caused a pronounced ERK1/2 phosphorylation as compared to vehicle treated cells (Fig. 7C) .
Likewise, in HEK293 cells transiently transfected with GPR55 (in the absence of βarr2-GFP), LPI induced a similar extent of ERK1/2 phosphorylation while AM251, SR141716A, anandamide and 2-AG did not produce an effect different from that observed in vehicle treated cells (data not shown).
GPR55 Mediated PKCβII Activation. Activation of GPR55 has been shown to elicit release of intracellular calcium via activation of phospholipase C (PLC) (9, 11) . GPR55 has been suggested to couple through G q , G 12 and G 13 (9, 11) . Therefore as a measure of GPR55 mediated G-protein signaling we tested the ability of the agonists identified in this report, LPI, AM251, and rimonabant, to recruit protein kinase C beta 2 (PKC βII) to the plasma membrane or to produce membrane remodeling or blebbing (20, 30) . 10 µM of each drug was applied for 30-45 minutes to cells containing PKCβII-GFP with and without GPR55 expression. The live cells were then examined by confocal microscopy (Fig. 8A) . No translocation of PKCβII-GFP was observed in the absence of co-transfection with GPR55 (Fig. 8A, upper and lower left panels) . However, some constitutive recruitment of PKCβII-GFP to the plasma membrane along with an increased rounding of cells was observed in untreated GPR55-transfected cells. Addition of 10 µM CP55,940, produced a slight increase in PKC recruitment over controls but no increased membrane blebbing or remodeling (Fig 8A, upper and lower panels three from left), suggesting that CP55,940 may only weakly activate G proteins at GPR55. In contrast, AM251, LPI, and rimonabant (SR14176A) treatment of GPR55 cells produced not only increases in PKCβII-GFP recruitment to the plasma membrane but dramatic remodeling of the plasma membrane characterized by blebbing and the formation of large membrane protrusions (Fig. 8A lower panels 2.4.5 from left) . AM251 appeared the most efficacious of the three agonists in inducing PKCβII-GFP activation, and a AM251 treatment time course of PKCβII-GFP recruitment showed remodeling began within 45 seconds of compound addition (Fig 8B; also see video in supplemental data).
DISCUSSION
In this study we have exploited the property that β-arrestins recognize the activated state of GPCRs to clarify a GPR55 pharmacology that has remained clouded by conflicting studies (10, 12, 13) . We observed that of numerous cannabinoid compounds tested only two unambiguously activated GPR55 in addition to the lysophospholipid LPI. These compounds, LPI, SR141716A and AM251 have a rank order of potency of LPI>SR141716A>AM251 and comparable efficacies. Interestingly, SR141716A and AM251 are cannabinoid receptor inverse agonist /antagonists (31, 32) whereas the one GPR55 receptor antagonist we identified, CP55,940, is a cannabinoid receptor agonist. In contrast, AM281, which is structurally related to biarylpyrazole analogs (SR141716A and AM251), fails to activate GPR55.
Such distinct pharmacological profiles of ligands at two receptors can provide valuable structure-activity information for the development of ligands with high specificity. Furthermore, our assays confirm that the endogenous compound LPI is unequivocally a GPR55 agonist at low micromolar concentrations causing β-arrestin activation, receptor internalization and ERK1/2 phosphorylation.
A consensus among our findings reported here and in previous studies (10) (11) (12) is that the aminoalkylindole, WIN55212-2, a potent CB 1 and CB 2 receptor agonist, does not activate GPR55.
However, JWH015, a structurally related aminoalkylindole analog, has been shown to increase intracellular Ca 2+ (11) . In our hands, JWH015 (CB 2 receptor agonist), SR144528 (CB 2 receptor antagonist), the classical CB 1 agonists (HU210 and THC), the endocannabinoids (anandamide and 2-AG), and cannabidiol had no effect on their own or on LPI-induced βarr2 trafficking in GPR55 U2OS cells. Our study also demonstrates that the endocannabinoids (anandamide and 2-AG) and atypical cannabinoids (abn-CBD, O-1602 and O-1918) fail to evoke GPR55-modulated βarr2 redistribution. These compounds had previously been reported to activate GTPγS binding (10, 12) , but to date, there have been no additional reports confirming these data. The most parsimonious explanation of this apparent disagreement with previous reports (10-13) is that distinct conformations of the receptor resulting from the binding of different ligands might couple differentially and/or to multiple downstream effectors (6, 33) . In addition, agonistmediated receptor internalization in HEK293 cells (in the absence of βarr-GFP) are consistent with our beta-arrestin recruitment studies that LPI, SR141716A and AM251 are agonists at GPR55E and CP55,940 antagonizes their effects.
GPR55 has been shown to utilize G q , G 12 , or G 13 for signal transduction; RhoA and PLC are activated (9, 11) .
This signaling mode is associated with temporal changes in cytoplasmic calcium, membrane-bound diacylglycerol, DAG and plasma membrane topology. PKCβII is a conventional PKC isoform that transduces calcium and diacylglycerol dependent signals (34) . Thus, PKCβII-GFP activation reflects intracellular calcium and DAG bioavailability, which may be sustained for extended periods following ligand stimulation (34) . Our findings that LPI, SR141716A and AM251 recruit PKCβII-GFP and cause wide-spread plasma membrane remodeling indicate that they mediate a GPR55 G-protein signaling pathway. Moreover, we found that these compounds are agonists for both βarrestin dependent and independent signaling, suggesting that the most plausible explanation for the complement of our betaarrestin findings is that GPR55 signals differently from the CB1 cannabinoid receptors and that less common pharmacological explanations such as biased agonism are inconsistent with our findings (35) .
Lauckner et al (11) reported that SR141716A is a GPR55 antagonist at 2 µM in a calcium signaling assay. We clearly show that 10-30 µM SR141716A produces robust activation and internalization of GPR55. This discrepancy may be a reflection of the different range of doses and efficacy of the compounds that were utilized. That rimonabant (SR141716A) activates GPR55 at 10 µM concentrations may be clinically relevant. This drug had been marketed for the treatment of obesity and off-target effects of this and related compounds may be manifest at GPR55.
Our observation that LPI alone induces a significant activation of ERK1/2 in cells expressing GPR55 while cannabinoids (AM251, SR141716A, anandamide and 2-AG) fail to do so are in agreement with Oka et al (13) . This divergence in response suggests that LPI and cannabinoids display functional selectivity in modulating the MAPK signaling pathways in GPR55, a phenomenon widely known to occur in GPCRs (36) .
The physiological relevance of GPR55 has been investigated in GPR55 knockout mice (37) . These GPR55 -/-mice are resistant to mechanical hyperalgesia and have increased levels of antiinflammatory cytokines as compared to wild-type animals. These data suggest that the manipulation of GPR55 may have therapeutic potential in the treatment of both inflammatory and neuropathic pain. It is tempting to speculate that some of the known antinociceptive effects of CP55,940 may also be mediated by action at GPR55 receptors.
Recently published studies characterizing GPR55 activation using a related technology (β-arrestin-PathHunter) or demonstrating that monitoring agonist mediated receptor internalization and β-arrestin redistribution can recognize agonists, antagonists, and allosteric modulators support our findings (38, 39) . The preponderance of data emerging from particularly this and other reports (9) (10) (11) 38) indicate that GPR55 is not activated by cannabinoid receptor ligands in a manner compatible with expected cannabinoid receptor pharmacology. Whether GPR55 can be categorized as a putative cannabinoid receptor in light of this and the findings that a large majority of the endogenous and synthetic cannabinoids tested fail to elicit β-arrestin trafficking, a key element of the GPCR signaling mechanism, is problematic. Of all the compounds tested by the various groups, LPI is the only endogenous one with the potential to signal through both G protein and beta-arrestin pathways (6, 33) . This raises the questions whether LPI is the "endogenous ligand" of GPR55, or whether more potent endogenous ligands remain to be found that might serve to counter the CB 1 receptor and are chemically related to SR141716A. At best, GPR55 would certainly be an atypical representative of the cannabinoid receptor family. To provide a justification for classifying GPR55 as an additional cannabinoid receptor requires its further characterization by computational modeling and mutational studies to demonstrate a substantial relationship between its ligand binding motif and those of the CB 1 and CB 2 receptors (31, 40, 41) . The maximum number of beta-arrestin aggregates (objects) was determined from the calculated plateaus of the concentration-response curves for each compound to determine relative efficacies. The data represents the mean + SEM from at least three independent experiments where triplicate images of fields containing multiple cells were analyzed. Representative images that were captured at 40X magnification are depicted. (43) Abn-CBD no response up to 30 µM -no binding (43) CBD no response up to 30 µM ->30,000 nM (10) Log IC 50 ± SEM values were determined from concentration-effect curves. K I value was determined from IC 50 value as described in Experimental Procedures. @ = Inhibition of LPI-mediated receptor internalization.
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